The ability to synthesize value-added chemicals directly from CO 2 will be an important technological advancement for future generations. Using solar energy to drive thermodynamically uphill electrochemical reactions allows for near carbon-neutral processes that can convert CO 2 into energy-rich carbon-based fuels. Here, we report on the use of inexpensive CuSn alloys to convert CO 2 into CO in an acetonitrile/imidazolium-based electrolyte. Synergistic interactions between the CuSn catalyst and the imidazolium cation enables the electrocatalytic conversion of CO 2 into CO at −1.65 V versus the standard calomel electrode (SCE). This catalyst system is characterized by overpotentials for CO 2 reduction that are similar to more expensive Au-and Ag-based catalysts, and also shows that the efficacy of the CO 2 reduction reaction can be tuned by varying the CuSn ratio.
Introduction
The development of cost-effective systems for the conversion of CO 2 into value-added products and high-energy species such as CO and saturated hydrocarbons is of global importance [1, 2] . In 2016, industrial, commercial, and private transportation alone generated over 5000 metric tons of atmospheric CO 2 through the burning of fossil fuels [3] . Together with other CO 2 emitting processes, fossil fuel combustion continues to drive climate change and exacerbates the natural greenhouse effect [4] . Without improved energy harvesting, storage, and CO 2 sequestration technologies, this trend will only continue to increase [5] . Renewable electric energy sources such as solar or wind harvesting technologies can be utilized to power thermodynamically uphill energy storing electrochemical reactions [1, 2, 5] . Historically, coinage metals (Au, Ag, and Cu) have been utilized as electrocatalysts for the reduction of CO 2 to CO and saturated hydrocarbons (methane, ethane, propane, etc.) via Equations (1) and (2) , respectively [6, 7] . CO 
Electrolysis using copper cathodes can also promote the conversion of CO 2 into simple alcohols (i.e., methanol, ethanol, propanol, etc.) via the balanced process shown in Equation (3). In addition to the direct reduction of CO 2 to hydrocarbons and oxygenates, a secondary process that converts H 2 O into H 2 can be used in conjunction with the electrocatalytic CO production to produce syngas Reagents, solvents, and all other chemicals were purchased from Fisher, Alfa Aesar, TCI America, Sigma-Aldrich, Acros Organics, Matrix Scientific, or Cambridge Isotopes Laboratories. Electrochemical grade tetrabutylammonium hexafluorophosphate (TBAPF 6 ) was obtained from TCI America and was purified by recrystallization from ethanol prior to use. Compressed carbon dioxide gas was supplied by Keen Compressed Gas Company. Cu 6 Sn 5 and Cu 6 Sn 10 targets were prepared from stoichiometric mixtures of Sn (99.8%, Alfa Aesar, Haverhill, MA, USA) and Cu (99.5%, Sigma-Aldrich, St. Louis, MO, USA) that were ball milled with yttria-stabilized zirconia balls for 15 min. This powder was then pressed into a 50 mm diameter disk, annealed at 200 • C under Ar, and slowly cooled to ambient temperature. The Cu 6 Sn 5 target was analyzed by X-ray diffraction (XRD) and was shown to correspond to the expected η-Cu 6 Sn 5 (C2/c) monoclinic phase formed at low temperatures with lattice parameters a = 11.0262 (±0.0014) Å, b = 7.2745 (±0.0012) Å, and c = 9.846 (±0.0021) Å [22] . The Cu 6 Sn 10 target was a mixture of Sn and the Cu 6 Sn 5 monoclinic phase.
Thin film depositions were carried out using direct current (DC) magnetron sputtering of the above alloyed targets in argon plasma onto (2000-grit) polished nickel foils. Sputtering was conducted at 10 W, 20 mTorr, and with a 5 cm target-substrate distance. This resulted in a deposition rate of about 0.9 nm s −1 and yielded thin films with the structure of the high temperature hexagonal Cu 6 Sn 5 (P6 3 /mmc, ICDD 00-002-0713) phase [22] and Cu 6 Sn 10 was a mixture of Sn (I4/mmm, ICDD 96-900-8571) and the η-Cu 6 Sn 5 phase (see Results and Discussion). Film thicknesses were systematically varied between 0.1 and 0.5 mm.
Film Characterization
A Scintag PDS 2000 diffractometer equipped with Cu-K α radiation and a nickel filter were used for XRD collection. Scattering angles of 10-100 • were collected in 0.02 • -steps with a count time of 5 s per step. Rietveld refinements were performed using the PANalytical HighScore Plus software (3.5, PANalytical B.V., Almelo, The Netherlands) package by indexing with powder diffraction files (ICDD and COD).
Scanning electron microscopy (SEM) images and energy dispersive X-ray (EDX) spectra were obtained using a JEOL JSM 7400F Scanning Electron Microscope. X-ray photoelectron spectroscopy (XPS) experiments were carried out using a VG ESCALAB 220I-XL spectrometer equipped with a non-monochromatic Al K α source operating at 300 W. Initial XPS survey scans were collected at a pass energy of 100 eV using a step size of 1.0 eV. All high-resolution XPS spectra were recorded at a pass energy of 20 eV using a step size of 0.1 eV. Atomic ratios were determined using a Shirley-type baseline and standard relative sensitivity factors. Additional XPS characterization of the sputtered films was carried out using a PHI 3056 spectrometer with a non-monochromatic Mg K α source operated at 15 kV and 350 W. Through comparison with the adventitious C 1s signal, the XPS spectra in Figure 1 will show a 0.9 eV shift to lower binding energies.
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A Scintag PDS 2000 diffractometer equipped with Cu-Kα radiation and a nickel filter were used for XRD collection. Scattering angles of 10-100° were collected in 0.02°-steps with a count time of 5 s per step. Rietveld refinements were performed using the PANalytical HighScore Plus software (3.5, PANalytical B.V., Almelo, The Netherlands) package by indexing with powder diffraction files (ICDD and COD). High resolution XPS spectra of (d) Sn 3d and (e) Cu 2p 3/2 along with peak fittings highlights the presence of oxides within the Cu 5 Sn 6 film. Note: Sn 2+ may also be present in the Sn 3d XPS spectrum, as Sn 4+ and Sn 2+ have similar binding energies that differ by only~0.6 eV. No corrections to binding energy were made. 
Electrochemistry
All electrochemistry was performed using either a CHI-620D potentiostat/galvanostat or a CHI-720D bipotentiostat. Cyclic voltammetry (CV) and linear-sweep voltammetry (LSV) experiments were carried out using standard three-electrode configurations. A section of platinum gauze (Sigma 99.9%) served as the auxillary electrode, and was separated from the working and reference electrodes by Nafion membranes. All potentials were measured against a Ag/AgCl reference electrode (1.0 M KCl, CH Instruments) and were converted into SCE (E SCE = E Ag/AgCl + 44 mV). Cyclic voltammograms were recorded at 100 mV/s and were IR compensated. Unless otherwise noted, 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF 6 ) in MeCN was used as the supporting electrolyte for all electrochemical studies. The MeCN utilized for electrochemical experiments was not rigorously dried and contained adventitious levels of moisture.
Controlled potential electrolysis (CPE) experiments were performed in gas-tight two-compartment cells with a Nafion (NRE-212) membrane separating the anode and cathode compartments, as has been previously described [17] . Both the cathode and anode compartments of the electrolysis cell were filled with 20.0 mL of 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF 6 ) in MeCN, and were bubbled with CO 2 , Ar, or N 2 for at least 30 min prior to performing the electrochemical experiments.
During all CPE experiments, the cathode solution was stirred vigorously while a constant supply of MeCN-saturated CO 2 gas was fed into the headspace of the electrolysis cell at a rate of 5.0 cm 3 /min. The cathode compartment was vented into an autosampling loop of a gas chromatograph (GC) (SRI Instruments, SRI-8610C). GC acquisitions were initiated every 15 min by placing the autosampling loop in line with a packed HayeSep D column and a packed MoleSieve 13× column. Argon (Keen, 99.999%) was used as the GC carrier gas. Both GC columns connected directly to a thermal conductivity detector (TCD) to quantify hydrogen and a flame ionization detector (FID) equipped with a methanizer unit to quantify the production of reduced carbon species such as carbon monoxide. The partial current densities associated with electrolytic formation of CO and H 2 were calculated from the GC peak area as follows:
In the above two equations, α and β represent conversion factors based on the calibration of the GC with standard samples of CO and H 2 , respectively, F = 9.65 × 10 4 C mol −1 , p 0 = 1 atm, R = 82.1 mL atm K −1 mol −1 , and T = 298 K. Faradaic efficiencies for the formation of a given product were calculated by dividing the partial current densities by the total current. 1 H NMR experiments were performed on aliquots of the electrolyte solution at the completion of each electrolysis run to determine whether nonvolatile CO 2 RR products had formed, and to monitor changes to the composition of the electrolyte solution. NMR spectra were recorded at 25 • C on a Bruker 600 MHz NMR spectrometer.
Results and Discussion

Catalyst Characterization
The CuSn alloys were deposited from Cu 6 Sn 5 or Cu 6 Sn 10 targets onto nickel foils. X-ray diffraction experiments showed that the thin film generated by sputtering the Cu 6 Sn 5 target belonged to the P6 3 /mmc space group (Figure 1a ), which is indicative of hexagonal η-Cu 6 Sn 5 . By contrast, the thin film generated by sputtering the Cu 6 Sn 10 target was shown to be a mixture of η-Cu 6 Sn 5 and pure Sn phases. Given that thin films typically have a preferred orientation, the refinement of the diffraction pattern was kept qualitative for phase identification. The stoichiometry of these deposits was confirmed by XPS analysis (Figure 1) ; however, these experiments also showed evidence of the presence of a native Sn-oxide layer (Figure 1c ,d) on the film surface that was at least 2-nm thick. The Cu 2p 3/2 peak appears to be composed of three species. There appears to be Cu 2 O and CuO given the signal at 933.2 and Energies 2019, 12, 3132 5 of 12 930.5 eV, respectively [23] . The Cu 2p 3/2 peak in Cu 6 Sn 5 has been found to be around 932.6 eV [24] , which agrees with our value of 931.6 eV (recall 0.9 eV offset). The sputtering produced a rough and polycrystalline surface with sub-micron grains, as demonstrated by the SEM images shown in Figure 2 . The presence of a pure Sn phase in Cu 6 Sn 10 qualitatively appears to decrease the average particle size of this sputtered film, as evidenced by the SEM images of Figure 2 .
The CuSn alloys were deposited from Cu6Sn5 or Cu6Sn10 targets onto nickel foils. X-ray diffraction experiments showed that the thin film generated by sputtering the Cu6Sn5 target belonged to the P63/mmc space group (Figure 1a ), which is indicative of hexagonal η-Cu6Sn5. By contrast, the thin film generated by sputtering the Cu6Sn10 target was shown to be a mixture of η-Cu6Sn5 and pure Sn phases. Given that thin films typically have a preferred orientation, the refinement of the diffraction pattern was kept qualitative for phase identification. The stoichiometry of these deposits was confirmed by XPS analysis (Figure 1) ; however, these experiments also showed evidence of the presence of a native Sn-oxide layer (Figure 1c ,d) on the film surface that was at least 2-nm thick. The Cu 2p3/2 peak appears to be composed of three species. There appears to be Cu2O and CuO given the signal at 933.2 and 930.5 eV, respectively [23] . The Cu 2p3/2 peak in Cu6Sn5 has been found to be around 932.6 eV [24] , which agrees with our value of 931.6 eV (recall 0.9 eV offset). The sputtering produced a rough and polycrystalline surface with sub-micron grains, as demonstrated by the SEM images shown in Figure 2 . The presence of a pure Sn phase in Cu6Sn10 qualitatively appears to decrease the average particle size of this sputtered film, as evidenced by the SEM images of Figure 2 . (Figure 3a) . The need for both CO 2 and [BMIM] + to observe the current responses of Figure 3 is consistent with the imidazolium-assisted activation of CO 2 by the CuSn films, as opposed to direct [BMIM] + reduction [13, 20] . but only in the presence of CO2 (Figure 3a ). The need for both CO2 and [BMIM] + to observe the current responses of Figure 3 is consistent with the imidazolium-assisted activation of CO2 by the CuSn films, as opposed to direct [BMIM] + reduction [13, 20] . Alteration of the Cu/Sn ratio of the thin-film catalysts impacts their activity toward CO2 activation; for Cu6Sn5, the maximum current is reached at ~100 mM [BMIM]OTf, and that of Cu6Sn10 is reached at a concentration of ~60 mM (Figure 3 ). The CO2RR current increases exponentially with the potential for Cu6Sn5, while for the electrode with excess Sn, the current increases linearly between −1.65 and −1.9 V, suggesting different limiting kinetics for the two systems, even at the relatively fast sweep rates (ν = 100 mV/s) used to collect the voltammetry data shown in Figure 3 . Alteration of the Cu/Sn ratio of the thin-film catalysts impacts their activity toward CO 2 activation; for Cu 6 Sn 5 , the maximum current is reached at~100 mM [BMIM]OTf, and that of Cu 6 Sn 10 is reached at a concentration of~60 mM (Figure 3 ). The CO 2 RR current increases exponentially with the potential for Cu 6 Sn 5 , while for the electrode with excess Sn, the current increases linearly between −1.65 and −1.9 V, suggesting different limiting kinetics for the two systems, even at the relatively fast sweep rates (ν = 100 mV/s) used to collect the voltammetry data shown in Figure 3 .
Catalyst Activity
Controlled potential electrolysis (CPE) of CO 2 saturated solutions of MeCN containing 0.1 M TBAPF 6 and [BMIM]OTf at −1.95 V versus SCE, were carried out for both the Cu 6 Sn 5 and Cu 6 Sn 10 cathodes. Table 1 summarizes how the CPE selectivities for the reduction of CO 2 to CO (FE CO ) are influenced by the amount of Sn in the alloys. The two alloys promote the evolution of CO with FE CO = 34% and 41% for Cu 6 Sn 5 and Cu 6 Sn 10 , respectively. In both cases, only minimal H 2 production is observed (FE H2 < 0.1%). The suppression of H 2 evolution observed for the CuSn alloys in the presence of [BMIM] + is akin to that which has been observed for Bi and Sn cathodes in the presence of nonaqueous [Im] + -based electrolytes [16, 20] . The proton equivalents needed for both the CO 2 RR and H 2 evolution catalysis likely come from adventitious water in the MeCN-based electrolyte, and the weakly acidic [BMIM] + cations (vide infra). [16, 17] . Accordingly, the CO evolution reported in Table 1 must be promoted by the CuSn alloys. We note that the electrocatalytic formation of multicarbon products was not observed by NMR, consistent with prior studies of the CO 2 RR on CuSn alloys under aqueous conditions [21] . The current densities for the CO 2 RR are lower than those reported for electrodeposited non-noble metal cathodes such as Bi and Sn, which may be due to the electrodeposited platforms having much higher specific surface areas [16] compared with the evaporated CuSn films studied here. This difference in surface area (and therefore activity) is to be expected, as vapor depositions typically produce a smoother surface than those generated using electrodeposition methods. As such, we expect that CuSn alloys may demonstrate improved kinetics for the CO 2 RR if synthesized through controlled co-electrodeposition methods or if used in nanoparticle form [25] .
The formation of nonvolatile CO 2 RR products was analyzed by 1 H NMR spectroscopy. Neither formate, formaldehyde, nor methanol, which are all common nonvolatile C 1 products formed from reduction of CO 2 were detected in the electrolyte solution following CPE experiments using either of the CuSn alloys as electrocatalysts. However, as shown in Figure 4 , a product formed from the [BMIM] + cation was observed by 1 H NMR. In particular, the analysis of the post electrolysis solution showed both distinct peaks for the starting [BMIM] + cation as well as peaks corresponding to the zwitterionic [BMIM]-CO 2 adduct, as characterized by the diagnostic signals at 7.16 ppm in the 1 H NMR spectra [26] [27] [28] . The structure of the [BMIM]-CO 2 adduct is shown in Figure 5 . We note that other than the starting [BMIM] + and TBA + cations, the [BMIM]-CO 2 adduct is the major solution-phase product following CPE and CO 2 RR for both the C 6 Sn 5 and C 6 Sn 10 alloys, suggesting that the majority of the charge passed during the CPE experiments may be directed toward the activation of the [BMIM] + Energies 2019, 12, 3132 7 of 12 as opposed to CO 2 . Importantly, we note that this reactivity is distinct from that observed for Bi and Sn in MeCN-based electrolytes containing [Im] + -based cations [13, 16, 17] .
The NMR spectra show that significantly less of the [BMIM]-CO 2 adduct is formed upon CPE with the Cu 6 Sn 5 alloy compared with the analogous experiments employing the C 6 Sn 10 thin film, as judged by the relative intensities of the adduct peaks at~7.16 ppm versus those for the pristine [BMIM] + cation at~7.35 ppm, on both panels of Figure 4 . We note that the position of the C(2)-H 1 H NMR resonance of [BMIM] + varies between~8.4-8.6 ppm for the two post-CPE spectra shown in Figure 5 . This variance is likely due to hydrogen-bonding interactions between the anionic oxygen atoms of the electrochemically generated [BMIM]-CO 2 adduct and the acidic C(2)-H proton residue of [BMIM] + in the solution [28] . Consistent with this rationale ([BMIM]-CO 2 •••[BMIM] + ) is the observation that the C(2)-H residue of [BMIM] + appears further downfield (Figure 4, bottom) with increasing concentrations of the [BMIM]-CO 2 adduct. The formation of the [BMIM]-CO 2 adduct is undesirable because of its ability to bind strongly to acidic protons and catalyst surfaces [15, 28] . As such, the observation (vide supra) that Cu 6 Sn 10 displays a lower apparent rate order and current density for the CO 2 RR is consistent with an enhanced production of [BMIM]-CO 2 with the more Sn-rich catalyst film.
Adsorption Pre-Catalysis Peak
There is a clear pre-catalysis wave in the LSV traces shown in Figure 3 , centered around −1.4 V. Further inspection of the double layer regions by cyclic voltammetry ( Figure 5 ) shows a clear quasi-reversible peak that is only observed in CO 2 -saturated electrolyte solutions (Figure 5, right) . The addition of 100 mM [BMIM] + to the N 2 -saturated MeCN containing 0.1 M TBAPF6 (Figure 5, left) causes an increase of charge stored within the double layer region [29, 30] , which may be presumed to be due to the adsorption of [BMIM] + at the electrode/electrolyte interface of the negatively polarized CuSn film [31] [32] [33] . Similar phenomena have been observed for Au electrodes [34] [35] [36] [37] , and it has been demonstrated that [Im] + cations prefer to π-stack and lie flat on electrode surfaces, thereby supporting more capacitive charge build-up than an inner layer containing large TBA + cations [38] [39] [40] .
As shown in the right panel of Figure 5 , the presence of [BMIM] + appears to increase the cathodic (at −1.35 V) and anodic (at −0.90 V) waves associated with the precatalytic CO 2 binding wave. Imidazolium cations are known to coordinate strongly with CO 2 through π-π interactions, hydrogen bonding, and formation of CO 2 adducts [28] . As is also shown in the right panel of Figure 5 (black trace), a quasi-reversible wave is observed for CV traces recorded for the CuSn film in MeCN containing 0.1M TBAPF 6 under CO 2 . This wave arises at potentials more positive than those required for CO 2 RR catalysis, suggesting that the current response originates from the electrosorption of CO 2 . The current response associated with this wave increases in the presence of 0.1 M [BMIM] + (Figure 5 , right, red trace), suggesting that [BMIM] + is assisting in the CO 2 adsorption/activation, potentially via cooperative interactions between [BMIM] + , CO 2 , and the negatively polarized CuSn film [17, 41] . trace), a quasi-reversible wave is observed for CV traces recorded for the CuSn film in MeCN containing 0.1M TBAPF6 under CO2. This wave arises at potentials more positive than those required for CO2RR catalysis, suggesting that the current response originates from the electrosorption of CO2. The current response associated with this wave increases in the presence of 0.1 M [BMIM] + (Figure 5 , right, red trace), suggesting that [BMIM] + is assisting in the CO2 adsorption/activation, potentially via cooperative interactions between [BMIM] + , CO2, and the negatively polarized CuSn film [17, 41] . for CO2RR catalysis, suggesting that the current response originates from the electrosorption of CO2. The current response associated with this wave increases in the presence of 0.1 M [BMIM] + (Figure 5 , right, red trace), suggesting that [BMIM] + is assisting in the CO2 adsorption/activation, potentially via cooperative interactions between [BMIM] + , CO2, and the negatively polarized CuSn film [17, 41] . 
Conclusions
Electrochemical reduction of CO 2 to fuels using Cu-based cathodes and powered by renewable sources of electric current have attracted recent attention [42] . To date, however, CuSn alloys have been largely ignored as cathode materials for CO 2 reduction; however, these alloys are commonly available and inexpensive to produce, making them attractive material for the development of CO 2 RR platforms. In this work, we have shown that sputtering CuSn thin film alloys produces submicron-sized particulates on Ni substrates. The CO 2 RR activities of Cu 6 Sn 5 and C 6 Sn 10 films were ascertained by voltammetry and CPE experiments. When used in conjunction with imidazolium-based nonaqueous electrolytes, the CuSn films show activity for the reduction of CO 2 to CO at E = −1.6 V, and display modest Faradaic efficiencies for this transformation at an applied potential of E = −1.95 V. The CuSn alloy containing the higher ratio of Sn displayed lower efficiency and slower kinetics for the conversion of CO 2 to CO compared with Cu 6 Sn 5 . CPE experiments conducted using both CuSn materials in the presence of CO 2 and the [BMIM] + -containing electrolyte lead to deprotonation of the imidazolium and formation of the corresponding [BMIM]-CO 2 adduct, as judged by 1 H NMR experiments. Interestingly, the C 6 Sn 10 material showed higher levels of [BMIM]-CO 2 generation, while displaying lower efficiency and activity for CO production, suggesting that the formation of the imidazolium-CO 2 adduct inhibits the CO 2 RR with CuSn-based cathodes. We note that this deleterious reaction mode involving the [BMIM] + electrolyte is not an issue for CuSn alloys employed for the CO 2 RR with aqueous electrolytes that do not contain imidazolium cations. Accordingly, unlike other non-noble metal cathodes we have studied, CuSn alloys may be most useful for the CO 2 RR when restricted to aqueous electrolyzer designs.
When both of the CuSn cathode materials are not utilized under aqueous conditions, the presence of the [BMIM] + promoter in the CO-saturated MeCN-based electrolyte is critical to the observed CO 2 RR activity. In addition to providing the proton equivalents required to drive the 2e − /2H + conversion of CO 2 to CO, the [BMIM] + ion also appears to promote the electrosorption of CO 2 at the CuSn/electrolyte interface, as judged by voltammetric experiments. As such, the interaction of the imidazolium electrolyte with the polarized CuSn cathodes and CO 2 is likely critical to improving the kinetics of the electrocatalysis, since the formation of surface-adsorbed CO 2 intermediates is energetically unfavorable and often rate-limiting for electrochemical CO 2 RR platforms [41] .
In future work, advanced spectroscopic methods will be useful tools as we seek to better understand the precise interplay between the adsorbed [Im] + (and other electrolyte cations) and the cathode surface, and how the electrode/electrolyte interfacial structure affects CO 2 adsorption and reduction [39] . Recent work demonstrating that the interplay between adsorbed [Im] + cations and other weakly acidic organic cations can be used to significantly enhance CO 2 reduction, as well as tune CO 2 RR product distributions [17, 29] . As such, further improvements in this aspect of the CO 2 RR require the continued lowering of CO 2 adsorption/activation energy using electrolyte promoters, and the leveraging of [cation] + •••cathode interactions may be especially critical in this regard.
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